I ntroduction
Glutamate dehydrogenases (GDHs) are found in nearly every organism and play an important role in nitrogen and carbon metabolism. In the oxidative deamination reaction, GDH links amino acid metabolism to the tricarboxylic acid (TCA) cycle by converting L-glutamate to 2-oxoglutarate ( -ketoglutarate), whereas the reductive amination reaction supplies nitrogen for several biosynthetic pathways . GDH belongs to the amino acid dehydrogenase enzyme superfamily, members of which members display differential substrate specificity and include valine, leucine and phenylalanine dehydrogenases (Britton et al., 1993) . This enzyme superfamily has considerable potential in the production of novel non-proteinogenic amino acids for the pharmaceutical industry (Paradisi et al., 2007; Yamada et al., 1995) . Phenylalanine dehydrogenase has also been widely exploited for diagnosis of phenylketonuria (Nakamura et al., 1996) and glutamate dehydrogenase similarly for measurement of . Bacterial GDHs are homo-hexameric enzymes with 32 symmetry. Each polypeptide consists of an N-terminal Domain I that adopts an fold with 5 (mixed)
-strands sandwiched between -helices on both sides. The C-terminal NAD(P) + binding domain II consists of a modified Rossmann fold with one of the -strands in the reverse orientation (Baker et al., 1992b; Stillman et al., 1992) . Domain I forms the majority of crystal contacts along the three-fold and two-fold axes, and the substratebinding site is found in a deep groove at the junction of the two domains. Sequence identities vary from as little as 25% to over 90% among the bacterial enzymes, while the eukaryotic GDHs can be further divided into the hexameric and tetrameric classes.
The hexameric mammalian enzymes are structurally similar to their bacterial counterparts, except that they contain an insertion of an -helical nucleotide-binding -terminus at the three-fold axis in the hexamer, which is important in the regulation of catalytic activity (Peterson and Smith, 1999) . The tetrameric NAD + -dependent GDHs that are found in many fungi have a much larger subunit (Mr = ~115,000). The sequence clearly specifies a typical GDH subunit at one end but the remaining ~60% of the sequence is of unknown function .
Bacterial glutamate dehydrogenases vary according to their coenzyme preference: NAD + specificity, NADP + specificity, and those which have dual cofactor specificity. In dehydrogenases generally, the presence of a glutamate at a position of the coenzyme is reported to discriminate against NADP + (Wierenga and Hol, 1983) . This important residue (termed P7) was highlighted together with a glycine-rich motif, (GXGXXG) in a sequence fingerprint that determined coenzyme specificity in the widespread Rossmann fold of dehydrogenases.
Enzymes that exclusively use NADP(H) usually have the characteristic glycine rich turn GSGXXA (termed P1 to P6) plus a smaller, uncharged residue at P7 with positively charged residues nearby, allowing for better interaction with the 2-adenosine phosphate.
The glutamate dehydrogenase family has a further unique feature in that those enzymes binding NADP(H) only, such as the GDH of Escherichia coli, tend to possess an aspartate at P7, an amino acid which would not seem ideal in the adenosine phosphate binding pocket. Peptoniphilus asaccharolyticus GDH (PaGDH), for instance, has a glutamate (Glu243) at this position and has high specificity for NAD(H), with a k cat /K m approximately 1000-fold greater than for NADPH (Carrigan and Engel, 2007) .
Interestingly, replacement of Glu243 by the relatively conservative aspartate residue at P7 results in significant loss of enzymatic activity. Furthermore, mutagenesis to positively-charged residues (arginine, lysine) results in further loss of activity, although the enzyme no longer displays preference for NADH over NADPH (Carrigan and Engel, 2007) . To date, much of the structural understanding of GDHs has been based on the crystal structure/sequence analysis of Clostridium symbiosum GDH (CsGDH) in spite of the fact that this enzyme is an exception that violates the fingerprint rules (Baker et al., 1992a; Lilley et al., 1991) . CsGDH differs in the residue at P6 (Ala) and P7 (Gly) despite the same or even stronger discrimination in favour of NADH over NADPH (Capone et al., 2011) . In addition, the structures of several GDHs from hyperthermophilic archaebacteria have been determined, including Pyrobaculum islandicum (PyrGDH) bound to NAD (Bhuiya et al., 2005) , and the apo forms of Thermococcus litoralis and Thermococcus profundus (Nakasako et al., 2001) . Currently, there are no crystal structures of a bacterial enzyme in complex with NADP, but the structure of the dual-specificity bovine enzyme (BovGDH) has been determined in the presence of both NAD and NADP (Smith et al., 2001 ).
Here, we have determined the crystal structure of PaGDH in the apo state by Xray crystallography. The poor diffraction quality of native crystals was overcome by generating selenomethionine-derivatized protein, and the structure was solved through the implementation of single anomalous diffraction (SAD) phasing methods in the software programme Auto-Rickshaw. The structure reveals an open conformation, and modeling of NAD + into Domain II suggests that a hydrophobic pocket is critical for cofactor binding.
M aterials and methods

Structure determination of PaGDH
Selenomethionine-derivatized PaGDH was expressed, purified and crystallised as described recently (Oliveira et al., 2010) . Data were collected at beamline BM14 at the European Synchrotron Research Facility (ESRF) in Grenoble, France. Data collection statistics are shown in Table 1 . The structure was solved using the SAD phasing protocol of Auto-Rickshaw (Blumenthal and Smith, 1975; Panjikar et al., 2009) and using the peak dataset from a selenomethionine protein crystal to 2.94 Å resolution.
In the software pipeline, F values were calculated using the program SHELXC (Sheldrick, 2008) . Based on an initial analysis of the data, the maximum resolution for substructure determination and initial phase calculation was set to 3.4 Å. All 22 selenium positions present in the asymmetric unit were found using the program SHELXD (Sheldrick, 2008) . The correct hand of the substructure was determined using the programs ABS (Hao 2000) and SHELXE (Sheldrick, 2008) . The occupancy of all substructure atoms was refined and initial phases were calculated using the program MLPHARE (1994). The two-fold non-crystallographic symmetry (NCS) operator was found using the program RESOLVE (Terwilliger, 2000) . Density modification, phasing extension and NCS-averaging were performed using program DM (Cowtan and Zhang, 1999 ) to 2.94 Å resolution. A partial model containing 656 residues out of the total 840 residues was built using BUCCANEER (Cowtan, 2006) . The initial phases were improved by phase combination of experimental and model phases using the program SIGMAA (Read, 2006) in the MRSAD protocol of Auto-Rickshaw (Panjikar et al., 2009 ). The density modification was carried out using the program RESOLVE and the resultant phases were used to continue model building using the program BUCCANEER resulting in the placement of 838 residues in the electron density and 790 residues were docked into the sequence. The model was iteratively improved manually using COOT (Emsley and Cowtan, 2004) and subsequently by maximumlikelihood refinement in Refmac5 (Murshudov et al, 1999) , with the inclusion of five TLS groups (Winn et al., 2001 ) for each monomer. The final model was refined at 2.94Å to R cryst /R free of 24.7%/28.7%. Details of the phasing and refinement statistics are shown in Table 2 .
Superpositions of structures and cofactor modelling
In order to enable structural comparisons, enzymes were superimposed using either Domain I or Domain II, separately. All modeling studies of cofactors involved superposition of Domain II, but no rigid-body docking or energy minimizations were performed so that the modeled complexes represent the enzyme conformations directly from the X-ray data. Although successful soaking of NAD + into crystals of CsGDH has been reported (Baker et al., 1992b) , the co-ordinates are not available in the Protein Data Bank and could not therefore be used in this study. Glutamate dehydrogenase from the hyperthermophilic archaeon Pyrobaculum islandicum ( 
Isothermal titration calorimetry (ITC)
Titrations were carried out using a Nano ITC III from Calorimetric Science
Corporation. The cell contained GDH at a typical concentration or 40 M to 80 M of binding sites (monomer). Enzyme concentration was determined at A 280 using the extinction coefficient determined to be accurate according to previous protocols (Carrigan et al., 2005) . In addition to the enzyme, and where appropriate, the cell also contained substrates to a concentration of 2mM. The syringe contained substrates/ligands at concentrations varying between 700 M to 5mM depending upon the experiment. For most experiments, a total of 20 injections (5ul each) were made over 350 seconds. In some cases, an initial pre-injection of 2ul volume was made and the result from this injection was not used for data analysis. The enzyme was prepared for ITC by being dialyzed extensively over two days, firstly against potassium phosphate buffer pH 7, which allowed for complete removal of ammonium sulphate while maintaining the enzyme in a very stable environment. The final step was to dialyse against Tris buffer at pH 7.6, which was also used as the experimental condition.
The latter step was carried out in a small sealed chamber with 2M HCL also being stirred to stop the solution from picking up nitrogen from the atmosphere. The temperature of the cell was set at 296K. Blank titrations were done in the absence of the enzyme to determine heats of dilution and mixing. The control titrations were then subtracted from the experimental titrations prior to data analysis, and data were
In most cases, the data could be successfully fitted to a binding model consisting of a single set of independent sites.
Results and discussion
The poor crystal quality of native PaGDH was resolved by crystallization of selenomethionine-derivatized protein. The crystals thus obtained were of higher diffraction quality, and the structure was subsequently solved using SAD methods.
The quality of the model following the last cycle of refinement is shown in Figure 1 . A section of the most well defined region (Domain I; Figure 1a ) is pictured alongside the most poorly ordered region (Domain II; Figure 1b) . However, the backbone and many of the side chains are clearly observed, even in the poorly defined sections of electron density maps.
The two molecules in the asymmetric unit of PaGDH are indistinguishable (rmsd for 395 aligned residues by SSM = 0.26Å), therefore discussions will be limited to molecule A in the deposited co-ordinates. Dimerization is mediated by the firststrand in Domain I, thus resulting in a continuous 10-stranded -sheet spanning the two molecules. The biological hexamer is generated by application of the crystallographic 3-fold axis, perpendicular to the 2-fold non-crystallographic axis (Figure 2) . Residues 274-294 were disordered and could not be modeled in the electron density maps. This segment of the protein is localized to the cofactor-binding segment and there are few interactions from Domain II with other subunits in the biological hexamer. The segment 274-294 constitutes 12 and J (CsGDH nomenclature), and will be discussed in more detail below.
Comparisons of the structure of PaGDH with CsGDH reveals that CsGDH
contains an extra -helix at the N-terminus (Figures 3-4) . The nomenclature used for discussions of secondary structure corresponds to the original CsGDH structure in order to avoid confusion. Also, the CsGDH protein is the most intensely studied bacterial GDH, and therefore provides a convenient reference point for understanding structure and function. The overall structure of PaGDH resembles closely the NAD + -dependent CsGDH enzyme, which has been determined in both the apo state and glutamate-bound Stillman et al., 1999) . The molecular mechanisms that couple substrate binding to global rotations of Domains I and II remain to be determined, but it is worthy noting that tandem glycine residues (Gly350-Gly351) in PaGDH reside at the N-terminal side of 15 (not shown). This di-glycine motif is conserved in CsGDH, PyrGDH, and other bacterial and mammalian enzymes. Therefore, there is inherent flexibility adjacent to the pivot helix which may influence the observed conformational changes upon substrate binding, and closure of the cleft has been observed even in the absence of substrate and cofactor . Domain closure in mammalian enzymes and associated catalysis is regulated by an - (Peterson and Smith, 1999; Smith et al., 2001; Smith et al., 2002) that is inserted within the loop connecting 15 and the pivot helix ( 16) of bacterial enzymes. These two additional anti-parallel -helices are sites for allosteric regulation of catalytic activity by ADP and GTP.
Cofactor specificity in PaGDH and CsGDH
The structure of NAD + -dependent PaGDH may provide additional insight into the molecular basis for cofactor specificity. Structural determinants can be extrapolated from molecular modeling since domain II, at least partly, acts as a rigid body and appears to maintain some of the secondary structural elements required for cofactor binding. A chimeric enzyme consisting of Domain I from NADH-dependent CsGDH and Domain II from NADPH-dependent E.coli GDH (EcGDH) retained the cofactor specificity of the parent domain from EcGDH (Sharkey and Engel, 2009 ). Alignments of Domain II reveal a remarkable degree of complementarity for the positions of NAD ( Figure 5) . We modeled the cofactor at the active site by superimposing Domain II from the NADH-dependent enzyme of P.islandicum (PDB code 1v9l), which remains the only fully published bacterial GDH/cofactor complex.
In PaGDH, the Glu243 side chain (P7 residue) points toward the ribose so that (Figure 5) . The subsequent residue is Trp244, which stacks against one side of the adenine ring of NAD + , while the other side of adenine is packed against Leu301. Thus, interactions with NAD + appear to be dominated by hydrophobic interactions and hydrogen bonds. A segment of PaGDH adjacent to the NAD + binding site, the region of 11/ 12, is not observed in electron density maps and presumably disordered. This distal end of Domain II, at the extreme edge relative to the substrate-binding cleft, is the most hetergoneous part of GDH structures (Figure 6 ). In PyrGDH this region comprises the 11-loop-12 region (CsGDH nomenclature), and does not directly interact with NAD. However, it has been suggested that this region may help to distinguish cofactor preference (Bhuiya et al., 2005) . The -helical dipole at the Nterminus of 10, part of the highly conserved P-loop in nucleotide binding proteins, points towards the diphosphate moiety of NAD (Figures 5,6 ). This part of the cofactor marks the beginning of a highly conserved and pre-formed pocket that leads to the nicotinamide ribose moiety. Thus, a part of the NAD pocket is poised for binding, while the adenine ribose side of the pocket -responsible for specificity -reveals significant conformational diversity, and may close or become ordered upon binding its cognate cofactor (Figure 6 ).
Successful soaking of NAD + into the active site of CsGDH has been reported previously (Baker et al., 1992b) . In that study, interpretable electron density was seen for 1/3 molecules in the asymmetric unit, and binding was accompanied by subtle side chain rotations. The adenine was bound via a pocket formed by Pro262 and Thr322, while the adenine ribose was accommodated in a pocket formed by Phe238 and Pro262.
A hydrogen bond was observed between S260 and N3 of adenine. Since there is no deposited structure of CsGDH with the cofactor, we modeled the position of NAD + into
CsGDH starting with PDB file 1bgv (glutamate complex, closed conformation). Our model reveals identical interactions at the adenine ribose side of NAD + relative to the published experimental observations (Figure 5) . The side chain of Ser260 is within 3.4Å of N3 and 3.2Å of N9 of adenine following alignments of Domain II, which suggests that the model has a fair degree of reliability. In addition, the side chain of the structure of the complex (Baker et al., 1992b) . Overall, the loop connecting H/ I is close to the cofactor so that Pro262 stacks against the adenine ring. This stacking interaction is reminiscent of Trp244 in the NAD + -dependent PaGDH (Figure 5) .
Further reinforcing the similarities, the opposite face of adenine is packed against Thr322, which contributes both a hydrophobic surface and a hydrogen bond to the NH 2 -group of adenine (3.2Å). As discussed previously, the interaction between Thr322 and the adenine was reported in the experimentally determined complex (Baker et al., 1992b ). An identical theme is apparent in the structure of PyrGDH/NAD, in which the 
Calorimetry and sequence motifs
In order to support the structural data, mutagenesis and isothermal titration calorimetry was performed to evaluate the strength of cofactor binding to PaGDH .
In contrast to WT, the mutant E243K was severely crippled in its ability to bind to NADH. Even a modest mutation, E243D, hampers the catalytic ability of PaGDH (Carrigan and Engel, 2007) , which can be explained by the disruption of hydrogen switch to NADPH (Table 3 ) may be explained by the position of the P7 side chain, which would not be ideal for binding to the 2 -phosphate. Essentially, the Glu243-Trp244 would be held in place by stacking between the indole ring of Trp244 and the adenine of NAD + (Figure 5 ). The importance of Trp244 is apparent from kinetic studies of W244S, which shows a 5-fold decrease in k cat /K m (Carrigan and Engel, 2007) .
Although there is no current structure of a bacterial NADP/GDH complex, BovGDH can utilize NADPH almost as well as NADH (Frieden, 1963) . The conformation of BovGDH in complex with NADP is identical to the NAD-bound state (Figures 4,5) , even within the heterogenous 11-loop-12 region (Smith et al., 2001 ). However, the -phosphate makes additional contacts with Lys295 ( 11), Glu275/Ser276 (P7-P8 residues), and Lys134 from Domain I (Figure 5) . Therefore, favourable interactions with positively charged amino acids at key positions appear to be determinants of NADPH binding.
Concluding remarks
One of the key discriminants of nucleotide recognition is the P7 residue, which was identified in the sequence of P21-ras almost 30 years ago (Wierenga and Hol, 1983) . In NAD-dependent PaGDH, a glutamate at the P7 position (Glu243) hydrogen Figures 5,6 ). The presence of a glycine at P7 can also be rationalized for the NAD-dependent CsGDH.
Due to the lack of steric impediments from the P7-Gly residue, the side chain 1 of the P2 residue (Phe238) is rotated 180° relative to Phe220 of PaGDH and can form van der Waals contacts with the ribose sugar in CsGDH. Phenylalanine or a bulky residue is conserved in all NAD-dependent enzymes (Figure 8) , and its conformation may be coupled to the P7 residue (glycine vs. acidic residue). Apparently conserved residues can mediate distinct roles in cofactor recognition depending on the structural context.
In summary, the molecular details underlying cofactor preference is a function of the conformation of conserved residues (e.g., Phe220 in PaGDH), and cannot be predicted from amino acid sequence alone. In contrast to hydrogen bonding via an acidic residue (Glu243 in PaGDH), the hydrophobic side chain of Phe238 stacks against the ribose nea These observations suggest caution in the interpretation of mutagenesis and kinetic studies without a structural framework for understanding the outcome. An emerging theme is the more hydrophobic nature of the adenine pocket in the NAD-dependent bacterial enzymes, relative to the more polar binding site in NADP-dependent or dual-specificity enzymes such as BovGDH. This pattern is repeated in the crystal structure of NADP-dependent E.coli GDH, which also has a relatively polar and positively charged binding pocket (Oliveira et al., unpublished data) . Although our models of cofactor/GDH complexes are consistent with observed kinetic and mutagenesis studies, more detailed insight awaits the crystallization of bacterial enzymes with NAD + /NADP + as well as intermediates in the catalytic pathway.
Accession numbers
Coordinates and structure factors have been deposited in the Protein Data Bank with accession number 2yfq (PaGDH). Values in parentheses correspond to the statistics for the highest resolution. Values in parentheses correspond to the statistics for the highest resolution (3.01 -- 2.94 ).
Figure Legends
Table 3
Isothermal titration calorimetry studies of cofactor binding to PaGDH Thermodynamic parameters from the titrations of cofactor into PaGDH. Titrations were performed in the presence and absence of substrate/product, as indicated. Data were fit to a single-site model, as described in M aterials and methods. Although the E243K mutant showed some affinity to NADPH, binding was weak and data were poorly fitted. 
